Abstract -The article presents the results of the research on carbonation and chloride induced corrosion mechanisms in reinforced concrete structures, based on three commercially available concrete admixtures: Xypex Admix C-1000, Penetron Admix and Elkem Microsilica. Carbonation takes place due to carbon dioxide diffusion, which in the required amount is present in the air. Chlorides penetrate concrete in case of the use of deicing salt or structure exploitation in marine atmosphere. Based on the implemented research, Elkem Microsilica is the recommended additive for the use in aggressive environmental conditions. Use of Xypex Admix C-1000 and Penetron Admix have only average resistance to the aggressive environmental impact.
I. INTRODUCTION
Reinforced concrete degradation is a complex and diverse problem. Aggressive environment has limited impact on the reinforced concrete structures with regard to the way they fulfil their primary functions such as load carrying ability and stability maintenance, however, it has a greater influence on concrete pH that consecutively leads to the reinforcement corrosion and eventually to the concrete cracking and splitting. [1] Some of the most common mechanisms of the deterioration of reinforced concrete structures are carbonation and chloride induced corrosion, furthermore, in many cases, especially in bridge construction, these effects act together.
Carbonation process is associated with the calcium carbonate formation reaction between cement (primarily Portland) and atmospheric carbon dioxide. Carbonation takes place when CO2 dissolves in the concrete pore fluid, which induces a reaction with calcium from calcium hydroxide and calcium silicate hydrate to form calcium carbonate. Carbonation reaction can reduce pH of the concrete pore fluid up to pH < 9, wherein passivating layer of the steel reinforcement becomes unstable. [2] Chloride induced corrosion in contrast to carbonation causes localised depassivation of the steel reinforcement. [3] Carbonation has dual effect on the chloride diffusion: chemical and physical. Chemical carbonation increases the amount of chlorides; therefore, once the carbonation front reaches steel reinforcement level, the chloride concentration threshold needed to trigger corrosion could be significantly reduced. Physically carbonation reduces concrete porosity; hence chloride penetration rate is also reduced. [4] The main problem is that there is no single generally applicable reinforced concrete corrosion protection technique, though the use of additives has the lowest cost and good efficiency. Carbonation and chloride induced corrosion are diffusion processes; therefore, reduction of concrete permeability, i.e. reduction of the penetration rate of corrosive substances, is a widely applicable approach but not yet fully researched.
The research work objective was to investigate protective abilities of commercially available concrete additives against corrosion. The following commercially available additives were used in the present research: Penetron Admix, Xypex Admix C-1000 and Elkem Microsilica. Performance of Penetron Admix and Xypex Admix C-1000 is based on the reduction of the permeability of concrete by forming insoluble compounds, which fill capillaries, pores and cracks up to certain size. [5] , [6] Elkem Microsilica reduces concrete permeability by pore refinement. [7] Samples containing selected additives were subjected to carbonation test, chloride migration test for both carbonated and non-carbonated specimens and standard compressive strength test. All results were compared to the control samples.
II. MATERIALS AND METHODS
Concrete mix was designed in accordance with the guidelines for bridge structures, in compliance with LVS EN 1992-1-1 and LVS EN 1992-2.
[19] Selected concrete class was C30/37. Mix was designed considering exposure classes XD3 and XF4 given in EN 206, where XD3 -chlorides not due to marine environment, alternate wetting or drying; XF4 -use of deicing agents. [8] It is known that reinforcement corrosion in concrete occurs only when carbonation or chloride penetration front reaches steel level; therefore, samples were designed without reinforcement. [9] For preparation of concrete samples, commercially available raw materials were used. The water/cement ratio 0.5 was used. Base concrete composition and dosage of additives is given in Table I . [5] , [6] , [7] The amount of additives was estimated according to the released product data sheets, which is 1 % from the cement mass for Penetron Admix as given in [5] , 1.5 % for Xypex Admix as in [6] and 5 % for Elkem Microsilica as stated in [7] . The dosage of superplasticitizer was assumed to be 0.8 % from the cement mass, which is an average amount for the normal concrete. Three litres of concrete were prepared for the each of the following four types of mix: 
Dosage of additives
Elkem Microsilica 5 %** kg 20
Penetron Admix 1 %** kg 4
Xypex Admix C-1000 1.5 %** kg 6 *Cement from CEMEX manufacturer **By mass of cement 100 g of 0 / 0.3 fraction sand and 35 ml of water were added during the preparation of the concrete mixture in order to obtain better consistency. The amount of additional water for the mixture with Elkem Microsilica was 25 ml. Additional water allows to obtain the best workability for all four mixtures. The average resulting water/cement ratio for reference batch and batches with Xypex Admix C-1000 and Penetron Admix was 0.53, and for the batch with Elkem Microsilica 0.52. Concrete was mixed by hand.
Three cylindrical specimens with diameter of 100 mm and length of 50 mm for corrosion testing and three cubic samples with shaft length of 70 mm for the determination of mechanical properties were formed out of each prepared concrete mixture. After demolding (in 48 hours), specimens were water-cured until 28 days age. Prior to carbonation chamber specimens were removed from water at the age of 14 days and subjected to 48 hours drying at relatively low temperature of +30 °C in order to prevent damage to concrete micro-structure.
To test concrete resistance to carbon dioxide penetration, samples were held in desiccators with CO2 concentration of 97.78 % for 30 days (see Fig. 1 ); humidity was ensured with inner water filled containers. Concentrated environment was formed by filling desiccators with carbon dioxide. Preliminary to CO2, air and other gases were removed with the vacuum pump. During the loading of desiccators with carbon dioxide gas, vacuum pressure was decreased from −0.9 Bar to −0.02 Bar. Carbonation depth was measured by the use of phenolphthalein method. [10] Carbonation depth is an average distance from the concrete surface to the point where carbon dioxide has reduced alkalinity of the cement hydrate to the extent that the phenolphthalein indicator is not pink/red. This happens at a pH range from 8.3 to 10.0. [10] Carbonation pattern was discovered to be very irregular; therefore, carbonation depth measurements were taken from each edge of cross-section. Each plane was divided into 10 mm long intervals and carbonation depth was measured at each of them, excluding two intervals from each side of upper and lower plane in order to avoid measurement overlapping, as shown in Fig. 2 . 
where , 1 -minimum carbonation depth on the left plane, , 2 -minimum carbonation depth on the upper plane, , 3 -minimum carbonation depth on the right plane and , 4 -minimum carbonation depth on the lower plane. Chloride penetration test was carried out according to NT BUILD 492: Rapid chloride migration test. According to the guidelines, external electric potential is axially applied to the entire sample, causing chloride ion migration inside the concrete specimen from the external environment. External environment is formed with sodium chloride NaCl 10 % solution (catholyte) in the tap water and sodium hydroxide NaOH 0.3 N solution in the distilled water (anolyte). [11] Set up of the rapid chloride migration test is given in Fig. 3 . After a certain test duration period, samples were axially split and the fresh section was treated with a silver nitrate AgNO3 0.1 M solution. Chloride penetration depth was identified with the visible white silver chloride precipitation. Chloride migration coefficient was calculated using Equation 2 and chloride penetration depth measurements. [11] 
where Dmigr -chloride migration coefficient, ×10 -12 m 2 /s; Uabsolute value of the applied voltage, V; T -average value of the initial and final temperatures in the anolyte solution, °C; L -thickness of the specimen, mm; xd -average value of the penetration depths, mm; t -test duration, hours.
Mechanical properties were determined according to LVS EN 12390-3:2009 Testing hardened concrete -Part 3: Compressive strength of test samples. For the test cubic samples with dimensions of 70 mm x 70 mm x 70 mm were used. Samples were water-cured until 28 days age. Specimen size modification factor to the standard 150 mm x 150 mm x 150mm cubes was integrated in the testing machine. The compressive load was applied perpendicular to the concrete casting plane and continuously increased within a range of 0.2 MPa/sec. Semi-automatic EN tester for cubes, cylinders and blocks was used in the experiment, with accuracy of ±1.0 % of the compressive strength of the specimen.
III. RESULTS AND DISCUSSIONS

A. Compressive strength
Compressive strength testing of specimens was done at the concrete age of 28 days. Test results are summarised in Fig. 4 . Based on the selected for the design concrete class C30/37, the minimum characteristic cube compressive strength is 37 MPa. Samples with Elkem Microsilica showed the lowest average compressive strength that is 1.8 % lower than minimum characteristic strength. Samples with Penetron Admix had the highest average compressive strength among all specimens. Average compressive strength for the samples with Xypex Admix C-1000 was the same as for the control samples. However, based on the result deviation inside each series, the most reliable distribution of compressive strength values showed samples with Xypex Admix C-1000. The widest scatter of values showed control samples and therefore are considered to gain the lowest compressive strength.
Elkem Microsilica added to the concrete mix in the amount of 5 % of the weight of cement, can increase concrete strength from 10 % and up to 30 %. However, performed testing did not show such satisfactory results. This can be explained by the insufficient Elkem Microsilica dispersion during the concrete hand-mixing.
B. Carbonation
Carbonation testing of specimens was made at the concrete age of 14 days. Phenolphthalein with pH range of >8.5 -9.5 was used for the indication of carbonation depth.
Results of the carbonation measurements are represented in Table II . Best results were obtained by the samples with Penetron Admix with carbonation depth front 0.0 mm and mean carbonation depth of 2.9 mm. Cross-section of the sample with Penetron Admix is given in Fig. 6 . Carbonation unevenness of split samples can be explained by the micro-cracks in the structure of the concrete and weak porous regions around aggregates, as splitting naturally occurs along the weakened areas of the material.
Concrete ability to carbonate was discovered to be inversely proportional to the compressive strength, as shown in Fig. 7 . It can be seen from the chart above that higher compressive strength can lead to lower carbonation rate of the concrete. However, the chemical influence of Elkem Microsilica on concrete carbonation has to be studied in more detail, but that was not the issue of this research.
Carbonation process is a long-term process that depends on both environmental characteristics and the quality of the concrete. Carbonation depth of high-quality concrete may be negligible even after decades. Accelerated test results were recalculated to 50 years operating mode and carbon dioxide concentration of 0.045 % (mean CO2 concentration in Riga city) in order to observe the possible long-term carbonation development. Recalculation results were as follows: mean carbonation depth after the estimated operating mode for control samples was calculated to be 1.43 mm; samples with Elkem Microsilica -2.10 mm; samples with Xypex Admix C-1000 -1.34 mm; and samples with Penetron Admix showed just 0.81 mm. Approximated mean carbonation depths are relatively low and it can be concluded that carbonation is not the decisive criterion in the design of durable concrete structures in urban environment.
C. Chloride penetration
Chloride penetration testing of specimens was made at the concrete age of 70 days. Test duration for each pair of samples (carbonated and non-carbonated) was 24 h. Prior to the coupled testing both carbonated and non-carbonated samples were checked for the similar performance under the influence of initial voltage. Specified check showed identical current values, therefore simultaneous testing of paired samples of each concrete mix was used in chloride penetration experiment.
During the test, the samples with Elkem Microsilica showed initial and adjusted current more than two times lower than all other samples. This can be explained by the Elkem Microsilica ability to improve electrical resistance of the concrete. [13] After 24 h long chloride migration test, each sample was axially split and treated with 0.1 M silver nitrate solution. Penetration depth was measured at 10 mm intervals, excluding edge zones. Chloride migration coefficient was calculated by means of Equation 2. Test results are given in Table III. At the moment, there is no accepted classification for the chloride migration coefficient, however, some authors suggest the following boundaries [14] /s -concrete is not suitable for aggressive environment. According to this division and based on the test results, among samples which were not subjected to carbonation prior to chloride testing, only concrete with Elkem Microsilica has demonstrated good resistance to chloride penetration; samples with Penetron Admix and Xypex Admix C-1000 have an average resistance to chloride penetration; and control samples are not suitable for aggressive environmental conditions. xd -mean chloride penetration depth; xmax -maximum chloride penetration depth; Dmigr,d -mean value of the chloride migration coefficient; Dmigr,max -maximum value of the chloride migration coefficient.
D. Carbonation influence on chloride penetration
According to [4] , carbonation chemically increases the amount of chlorides, but makes concrete less permeable by reducing the physical quantity of concrete pores, where physical impact of carbonation is known to be predominant; therefore it is presumed that carbonated concrete has better resistance to the chloride corrosion.
However, based on the concrete chemical composition, in terms of cement and concrete additives, carbonation can have dual effect, i.e. CO2 can both reduce concrete permeability, e.g. for ordinary Portland cement concrete, and increase concrete permeability, e.g. for slag cement concrete. [15] In case of chloride penetration, in contrast to carbonation, a clear relation to the concrete compressive strength and density has not been noticed, which means that higher density and compressive strength not necessarily can influence concrete durability against chloride ingress. Compressive strength correlation with mean chloride migration coefficient of both carbonated and non-carbonated samples is displayed in Fig. 8 . Within this study it was discovered that improvement in density and strength parameters can decrease concrete ability to carbonate, however, only in case of use of Xypex Admix C-1000, Penetron Admix or no corrosion inhibiting admixtures. In case of Elkem Microsilica, further research on the chemical composition of the concrete mix has to be performed to obtain satisfactory values for both strength and durability parameters. It can also be noted that the chemical composition has the main influence on the chloride induced corrosion development. The implemented test showed different carbonation influence on chloride penetration, based on the type of additive used. Control samples (without any impermeability and corrosion resistance enhancing supplements) demonstrated typical carbonation impact, i.e. carbonated samples achieved higher resistance to chlorides dissimilar to non-carbonated. Analogous outcome was demonstrated by specimens with Xypex Admix C-1000, but with lower penetration depth. However, in case of samples with Elkem Microsilica and Penetron Admix, carbonation increased permeability of concrete, therefore reducing its resistance to the chloride attack.
Specimens with Elkem Microsilica demonstrated the best performance among all tested samples. Despite the negative impact of carbonation, Elkem Microsilica concrete corresponds to good resistance to chloride penetration, based on previously stated distribution of the chloride migration coefficient. The results of the test for Elkem Microsilica are presented in Fig. 9 . Consequently, as mentioned above, to achieve better performance of concrete in corrosive environment, chemical composition of the concrete mix should be taken into consideration.
IV. CONCLUSION
During carbonation testing, the samples with Penetron Admix additive showed the best results with mean carbonation depth of 2.9 mm, which is about 43 % lower in comparison to the control samples. Highest carbonation rate was shown by the samples with Elkem Microsilica with mean carbonation depth of 7.5 mm, which is 47 % higher than the value in reference samples. Poor carbonation test results of Elkem Microsilica concrete were explained by the ability of additive to decrease concrete pH. Samples with Xypex Admix C-1000 showed the average testing outcome between all samples, with mean carbonation depth of 4.8 mm.
Throughout Rapid chloride migration testing showed disparate results for carbonated samples. Chloride migration coefficient of carbonated samples with Elkem Microsilica was increased by 26 % in comparison to non-carbonated samples, and by 12 % for samples containing Penetron Admix. Furthermore, control samples and those containing Xypex Admix C-1000 experienced decrease of the chloride migration coefficient, respectively by 16 % for control samples and 9 % for Xypex Admix C-1000.
The chloride saturated environment is considered to be much more aggressive and more prevalent than the one with the high carbon dioxide content, thus determining factor in choosing the best additive was accepted to be the chloride migration coefficient. Elkem Microsilica is concluded to be the best additive out of three involved in this study. Use of Penetron Admix and Xypex Admix C-1000 in aggressive environment has to be controlled due to average resistance of these additives to the chloride penetration.
